High temperature electrolysis is one of the most efficient electrochemical processes to convert electricity and steam or a mixture of steam and CO 2 into H 2 or syngas ͑H 2 + CO͒, respectively, using electricity and heat from nuclear plants and concentrated solar plants. 1, 2 It is carried out in devices called solid oxide electrolytic cells ͑SOECs͒ at high temperatures. High temperature decreases Gibbs' free energy of the reaction and, thus, the electrical energy input required for the electrolysis in comparison to the electrolysis of water at room temperature. However, at the high temperature of operation ͑above 800°C͒, a loss in the rate of hydrogen ͑or syngas͒ production due to material degradation has been observed. This article investigates the mechanisms of degradation in the contact layer of SOECs, focusing on the diffusion of Cr species from the stainless steel interconnects into the cell structure and the long-range transport and segregation of cations in the contact layer.
The basic principle of operation of SOECs is similar to that of solid oxide fuel cells ͑SOFCs͒; the difference being the reverse direction of current. An electrolytic cell consists of the hydrogen electrode ͑cathode͒ and the oxygen electrode ͑anode͒ with an oxygen ion conducting electrolyte sandwiched between them. For the SOECs investigated in this paper, the hydrogen electrode consists of a Ni-scandia stabilized zirconia ͑ScSZ͒ cermet. ScSZ ͑10% Sc 2 O 3 -ZrO 2 ͒ constitutes the electrolyte. Oxygen electrolyte is composed of a perovskite oxide, A 0.8 Sr 0.2 MnO 3 ͑ASM͒.
a Another perovskite oxide, La 0.8 Sr 0.2 CoO 3 ͑LSC͒, is used as a contact layer between the oxygen electrode and the stainless steel interconnects. Ceramatec Inc. provided SOECs under analysis in this paper after 2000 continuous hours of their operation at 830°C. 3, 4 Degradation Mechanisms: Background While a high operating temperature increases the efficiency of the SOECs, it also accelerates the degradation rate. This is principally caused by the chemical interactions between the SOEC material constituents, as in SOFCs, resulting in the formation of secondary phases that either block the active electrocatalytic sites or completely transform into inactive local phases. 5 The secondary phases block the reaction and diffusion paths in the perovskite-type electrodes and contact layers, leading to a decrease in their conductivity and electrocatalytic activity. For example, O'Brien et al. measured an 18% loss in H 2 production rate over 1000 h of operation of SOECs. 6 The SOECs investigated in this paper were operated at a constant thermal neutral voltage ͑1.3 V͒ at a temperature of 830°C, and the current density ͑initially at 400 mA/cm 2 ͒ decreased by 40% over 2000 h of operation, indicating severe degradation of the cells. 3, 4 However, research to date has enabled a better understanding of the SOFC degradation mechanisms and has helped control the degradation rate in SOFC stacks down to lower than 2%/1000 h. 7 On the other hand, a thorough investigation on the governing degradation mechanisms for SOECs is yet at its infancy, with recent attempts to elucidate and control the high degradation rate of the SOECs compared to SOFCs. 8, 9 A recent study has presented a silicarelated poisoning of the hydrogen/steam electrodes in SOEC, different from that expected in SOFC conditions. 8 This paper focuses on the material degradation on the oxygen electrode side of SOECs.
Cr poisoning of the oxygen electrode, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] segregation of cations to the surface of the catalyst, [22] [23] [24] and interdiffusion of cations between the electrolyte and oxygen electrode grains 25 were identified to be crucial processes leading to the degradation of SOFCs. At a high level, SOECs are expected to be subject to similar causes of degradation, which are of interest here. However, the exact mechanisms and the consequent secondary phases could be different from those in an SOFC operation because of the different thermodynamic and electrochemical conditions and the reverse path of ionic and electronic transport in SOECs compared to SOFCs.
The Cr-poisoning of the SOEC materials is the focus of this paper. Therefore, it is worth providing the main messages at this point from the extensively documented studies on the oxygen side ͑cathode͒ of SOFCs on the Cr poisoning question [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Three main hypotheses are found in literature to explain the progression of the Cr-poisoning mechanisms. The first hypothesis suggests that this process is initiated through the formation of Cr 6+ -containing gaseous species, such as CrO 3 or CrO 2 ͑OH͒ 2 , from the oxidation of chromium oxide on the interconnect. 12, 13 The volatile Cr species are then reduced at the triple phase boundaries of electrode, electrolyte, and air and form solid Cr 2 O 3 and other Cr-rich phases, thereby inhibiting the electrochemistry of the electrode and leading to polarization losses. 14, 16 For example, the solid Cr 2 O 3 species could react with the perovskite cathode La 1−x Sr x MnO 3 ͑LSM͒ to form La 1−x Sr x Mn 1−y Cr y O 3 and ͑Cr 1−y Mn y ͒O 1.5−␦ , with the formation of ͑Cr 1−y Mn y ͒O 1.5−␦ spinel being the driving force for the reaction. 16 Furthermore, Matsuzaki and Yasuda found that not only the SOFC cathode but also the electrolyte could influence the reduction of the volatile Cr-containing species due to the electrochemical state at the cathode/electrolyte interface. 10 The second hypothesis suggests that, along with the vapor phase reduction, solid-state diffusion of the Cr-containing species into the oxygen electrode and chemical disso- ciation of the electrode material are underlining mechanisms in the deposition of Cr. 17 Finally, the third and a more recent hypothesis by Zhen et al. 18 and Chen et al. 19 suggests that the Cr deposition process at the oxygen electrode is thermodynamically driven and kinetically limited by a nucleation reaction between the Cr species that is being transported and a "nucleation agent" on the electrode. In the LSM electrode, the nucleation agent was identified to be the manganese species ͑Mn 2+ ͒, and for ͑La,Sr͒͑Co,Fe͒O 3 ͑LSCF͒ electrode, it was suggested to be the SrO species segregated at the electrode surface. 18 References also assert that the driving force for the deposition of Cr species at the LSM cathode is the generation of Mn 2+ species, which then react with gaseous Cr species, forming CrMn-O nuclei and, subsequently, the ͑Cr,Mn͒ 3 O 4 spinel. In addition to the electrode, the effects of Cr-related degradation have also been reported for the contact layer of SOFC cathodes. In that case, the formation of a less conducting oxide layer forming between the contact layer and the interconnect was suggested to be responsible for the degradation of the cells due to loss in the electronic path from the interconnect to the cathode. 21 Clearly, there is still no consensus about the exact and global mechanism of how Cr poisons the electrochemical performance of the electrodes due to the complicated dependencies on structure, operating temperature, atmosphere, and ionic and electronic conductivities. Furthermore, the stability of the possible reaction products between Cr and a given oxygen electrode material can differ between the SOFC and SOEC due to the different thermodynamic conditions at the corresponding electrodes.
In addition to Cr poisoning, cation interdiffusion and segregation can adversely affect the performance of the cells through local adverse changes in the composition and structure. The cation interdiffusion between the oxygen electrode and the electrolyte can lead to an electrochemically inferior layer or microstructure formation and has been the subject of detailed studies due to its importance in electrode activity and stability. [22] [23] [24] Similar to interdiffusion, but different in location, segregation of cations in the electrodes of SOFCs is well documented. 25 Simner et al. observed that LSCF cathodes, operated for 500 h at 750°C, experience Sr enrichment at the cathode-electrolyte and cathode-current collector interfaces. 25 In this study, the Sr/͑La + Sr͒ ratio increased from 0.4 to 0.9 upon testing and was suggested to account for the increase in both the ohmic and non-ohmic resistances observed for the tested SOFCs. If the extent of such cation interdiffusion and segregation is small, it may not result in drastic changes in the bulk microstructure, and the original bulk phases could be retained, while the adverse effects would be limited to ͑critical͒ interfaces where segregation accumulates. However, if the movement and flux of cations is significant over the microstructure, these processes can as well compromise the phase stability and the global electrochemical properties of the cell materials.
Objective
The goal of the research presented in this paper is to identify the governing mechanisms for the loss in the electrochemical performance of the anode ͑oxygen electrode͒ contact layer ͑LSC͒ leading to the performance degradation of the SOECs. Our specific objective is to identify how the Cr species from the stainless steel interconnects leads to the formation of electrochemically inactive phases dissociated from the LSC contact layer of the tested SOECs. In doing so, consideration of the A-site cation segregation on LSC in the context of Cr reactions is of importance.
Approach
We present the approach used in characterizing the materials' chemistry and structure and the corresponding analyses. We employed spectroscopy and microscopy techniques in an integrated manner, from a high level to a high resolution postmortem analysis. Table I defines the nomenclature for the cells, which are presented in this article. We carried out the analysis on two batches of samples. One batch consisted of the 10 cm ϫ 10 cm full-cell SOECs provided by Ceramatec Inc., both as-prepared and tested ͑referred to as CER#1 and CER#2, respectively͒. This batch of samples was investigated to identify the changes in microstructure and chemical composition that were accompanied by their operation in the demonstration tests at Idaho National Laboratory. 3, 4 The second batch of samples consisted of reference samples as half-cells that were operated under controlled electrochemical conditions in air. This batch was analyzed to differentiate the mechanism of degradation of an LSC contact layer, as hypothesized, based on the findings from CER#1 and CER#2. These cells, denoted by REF#1 and REF#2, are comprised of ASM as both the anode and the cathode, LSC as the contact layer on both electrodes, and ScSZ as the electrolyte. A schematic of the reference cells is shown in Fig. 1 . REF#1 underwent both heat and electrochemical treatment, while REF#2 was subjected to heat-treatment alone. This distinction was made to facilitate the identification of any changes occurring in the microstructure of reference half-cells due to electrochemistry or thermal treatment conditions.
The techniques used and our particular objectives in utilizing each technique are summarized in Fig. 2 . The first target of the research was the preliminary identification of the phases present on the top of the LSC contact layer near the interconnect. For this purpose, we performed Raman spectroscopy 26 measurements using a Kaiser Optical Instruments' Halogram 5000 series Raman spectrometer. A laser wavelength of 785 nm and collection fibers providing a spot size of 80 m were employed. References 27-33 were used to identify the Raman peaks of the phases of interest found in our data.
We investigated the variation in the surface chemistry and microstructure of the LSC contact layer across its cross section and on its top using scanning nanoprobe Auger electron spectroscopy ͑NAES͒.
34 NAES was performed using the Physical Electronics model 700 scanning Auger nanoprobe. Incident electrons having an energy of 10 keV were used, and smoothing and differentiation of the Auger electron spectroscopy ͑AES͒ spectra collected were carried out using the Savitsky-Golay algorithm.
To identify the length scale of the cation segregation and phase dissociation in the bulk of LSC grains at high resolution, transmission electron microscopy ͑TEM͒ 35 coupled with energy dispersive X-ray spectroscopy ͑EDX͒ was used. This technique complements the findings obtained from the NAES results: TEM/EDX provides information from the bulk of the microstructure, while data in NAES are essentially from the surface. The investigations of the different secondary phases formed at the LSC/interconnect and LSC/ASM interfaces were facilitated by preparing TEM samples from both regions. To prepare the TEM samples, a small portion of the LSC layer was physically lifted from the cells and glued to standard TEM grids made of Cu. The glued sample was then thinned down to electron transparency using a Gatan ion miller, with Ga ions accelerated through a potential of 5 kV. Scanning transmission electron microscopy ͑STEM͒ elemental maps were carried out using a JEOL 2010F microscope having a field-emission electron source. The incident electron energy was 200 keV. The EDX microanalysis system, Oxford Instruments INCA, was used for collecting the EDX spectra. The point EDX spectra were acquired with an acquisition time of 300 s and a spot size of 2.4 nm. The quantification of the EDX data was obtained by a standardless analysis using the CliffLorimer correction. For the STEM elemental maps, a JEOL detector was used. A probe of size 0.2 nm with a camera length of 15 cm was employed. The elemental maps were collected within 60-120 s each.
To distinguish the possible causes of long-range cation transport and segregation in the LSC contact layer microstructure, electrochemical tests were conducted on reference half-cells, where Cr and its species were taken out of the system by replacing the stainless steel interconnects used in CER#1 and CER#2 with Pt contact meshes on the LSC layer. To replicate the operating conditions, REF#1 was run in air under a constant current density of 0.40 A/cm 2 ͑same as the initial current density for CER#1 and CER#2͒ at 816°C for 13.5 continuous days. We carried out AES and electrochemical impedance spectroscopy ͑EIS͒ on the reference cells: on REF#1, after the electrochemical operation and on REF#2, after the thermal treatment without electrochemistry. 
Results
A comparison between the Raman spectra from an as-prepared cell ͑CER#1͒ and a tested cell ͑CER#2͒ is presented in Fig. 3 Figure 4a is an SEM image from the LSC cross section of CER#2 followed by the AES spectra from the three marked areas in Fig. 4b . AES results show an average Cr fraction ͑averaged over all the sets of measurements͒ of approximately 7% ͑normalized with respect to the sum of La, Co, and Cr content͒ on the surface of the LSC contact layer grains. Furthermore, the LSC layer exhibited local variation in chemical constituents on the surface of its grains with the La/Co ratio varying from 0.62 to 9.50 for the data shown in Fig. 4 . Over all the sets of measurements, the La/Co ratio for CER#2 varied to as high as 16.65. There was no detectable Sr signal, and only a small fraction of Co was identified as remaining on the LSC cross-sectional surface. Contrary to the LSC cross-sectional surface, the AES spectra at the top of LSC ͑LSC/interconnect interface͒ showed the presence of Co-rich crystallites and a Sr-rich surface layer, as shown in Fig. 5a . The Co-rich crystallites on the top lack La, whereas the LSC cross section had approximately 70% La ͑nor-malized with respect to the sum of La, Co, and Cr content͒. Sr content in the crystallite-free top region varied from 15-81% with an average of 42% ͑normalized with respect to the sum of La, Sr, and Cr content͒. The AES spectra for Co and Sr showing this contrast for the top and the cross section of LSC are presented in Fig. 5b and c.
The dissociation of the LSC contact layer at a scale from a few micrometers to nanometers was studied by STEM elemental mapping on the TEM samples taken from the contact layer both near the anode and the interconnect interfaces. The dark-field TEM images of different regions of a TEM sample prepared from the LSC/ interconnect interface region and the elemental maps for La, Sr, Co, and Cr at different length scales are shown in Fig. 6 . The point EDX analysis on the samples showed that Cr content in the LSC bulk ͑normalized with respect to the sum of La, Sr, Co, and Cr content͒ varied from 10 to 33%. It is evident from Fig. 6 that regions rich in Cr are associated with a high La content and a low Co content and vice versa. Similar to the surface of the LSC grains probed by AES, the LSC bulk was also deficient in Sr with the maximum Sr content in the bulk being 4%. Table III presents EIS experiments on the reference half-cells, avoiding the presence of Cr in the electrical contacts to isolate the mechanism of cation segregation and LSC dissociation. The performance history curve for REF#1 is shown in Fig. 7 . Under a constant applied current density of 0.40 A/cm 2 , the potential difference across the cell increased with time from an initial value of 0.23 V and stabilized at 0.42 V after 4.5 days of operation. Figure 8 compares the Nyquist plot for the anode ͑electrolytic mode͒ of REF#1 before and after the operation. The impedance of the anode increased from 0.07 to 0.83 ⍀ during operation. To identify whether the REF#1 degradation was due to a similar compositional dissociation as in CER#2, we compared the effects of just the thermal treatment without electrochemistry ͑REF#2͒ to that of electrochemistry at high temperature ͑REF#1͒ on the surface chemical compositions of REF#1 and REF#2. Figure 9 shows AES spectra from an area in each of the anodic contact layer of these two cells. Both REF#1 and REF#2 had similar chemical compositions on the contact layer surface, although the ratio of the A-site to B-site cations is 6.00 and 5.71, respectively, indicating a significant but similar level of segregation of the A-site cations to the surface. To investigate the differences in the CER#2 and REF#1 compositions, we compared their final surface chemistry after the electrochemical tests. The A-site to B-site ratio for REF#1 varied from 5.71-6.71 throughout the AES measurements made across the cross section of its anode-side contact layer. This indicates uniformity and stability of the near-surface compositions in REF#1 as opposed to CER#2. A comparison between the AES spectra from an area in each of the cross section of the anodic contact layer of REF#1 and CER#2 is presented in Fig. 10 . The AES peak corresponding to Cr is evident in the spectrum from CER#2 and missing from REF#1, as expected, because CER#2 had stainless steel interconnects.
Discussion
Raman spectroscopy results clearly showed that the LSC contact layer had dissociated into secondary phases having a lower conductivity than the original composition. The presence of Cr-containing phases, Cr 2 O 3 , LaCrO 3 , and La 2 CrO 6 , indicated Cr migration from the stainless steel interconnects into the originally LSC contact layer. The consequent severe decrease in the electronic conductivity of the contact layer, as shown in Table II , suggests that the degradation of the oxygen electrode performance should, in part, be due to the loss in its electronic activation because the contact layer no longer serves for its purpose.
In the SOFC cathode, due to a locally reducing environment, the formation and stability of La 2 CrO 6 is not expected. Regarding the thermodynamics of the La-Cr-O system, a recent study of thermodynamic calculations using CALPHAD 36 showed that LaCrO 3 is stable up to 1000°C in an atmosphere ranging from pure O 2 to P O 2 = 10 −16.1 Pa. However, La 2 CrO 6 forms within a wide temperature range above 700°C at P O 2 at and above 10 5 Pa. While the SOEC stacks are operated at atmospheric pressure, the local P O 2 in the anode and contact layer of the cells can be greater than 10 5 Pa due to the generation and evolution of O 2 .
37 Such high P O 2 favors the stability of La 2 CrO 6 , as shown in Ref. 36 , while the exact value of local P O 2 in the anode and LSC contact layer is not determined in this paper. Thus, the findings reported in Ref. 36 support that the secondary phases of lanthanum chromite and chromate formed were stable at the operating conditions of SOECs. This decomposition of the LSC perovskite structure leads to an adverse change in the electronic properties of the contact layer. Thus, the decomposition of the LSC perovskite into secondary, low conducting, and less active phases can be a chief cause for the SOEC performance degradation. The chemistry and microstructure of the surface of LSC grains significantly varied throughout the LSC cross section, as was shown by AES results. Figure 4 shows that significant differences in the local compositions and chemical signature at the surface of LSC grains existed even within a micrometer scale. The ratio of La to Co experienced a drastic departure from its stoichiometric value of 0.8 and varied from 0.65-9.50 ͑for the data shown in Fig. 4͒ and 0.65-16 .65 overall. The lack of Sr and only weak presense of Co in the cross section of LSC accompanied by Sr-and Co-enriched regions on the top of LSC ͑Fig. 5͒ indicate that, in particular, the Sr and Co Figure 6 . ͑Color online͒ Dark-field TEM image of a region of the LSC TEM sample with the elemental maps for La, Sr, Co, and Cr ͑a͒ at a lower magnification ͑analy-sis area: 2.5 ϫ 1.7 m͒ and ͑b͒ at a higher magnification ͑analysis area: 1.3 ϫ 0.9 m͒. cations migrated from the contact layer structure to the LSC/ interconnect interface. This indicates a long-range ͑over ϳ20 m͒ transport and an inhomogeneous segregation of the A-and B-site cations from the LSC layer, consequently leading to the dissociation of the perovskite LSC phase in the contact layer. The directions of the cations and charge carriers involved across the SOEC are schematically shown in Fig. 11 .
Complementary to the surface-sensitive AES results, the bulksensitive TEM/EDX results showed that the Cr content in LSC varied at 10-33%, larger than at the LSC surface, indicating different mechanisms of Cr reaction at LSC surface vs bulk. Results for Sr were consistent with those from AES: a maximum of only 4% found in the bulk of LSC and below the detection limit on the surface. The results from TEM/EDX confirm the severe dissociation of LSC and show that the secondary phase formation was on the nanoscale ͑Fig. Upon these observations, we hypothesize that the long-range transport of Sr and Co can be driven by two primary mechanisms: ͑i͒ Cr-related thermodynamics, where the Cr-containing species ͑in the vicinity of the interconnect͒ could thermodynamically favor the presence of select cations ͑i.e., Sr and Co͒ at the region interfacing the interconnect and ͑ii͒ the electronic or oxygen ion current carrying the cations along the same direction. To test these hypotheses and isolate the actual mechanism͑s͒ for severe cation segregation and phase separation in the LSC contact layer, REF#1 was operated in controlled electrochemical environments. The increase in potential difference across the reference cell shown in Fig. 7 indicated that cell REF#1 degraded with time even in the absence of Crcontaining interconnects or other possible Cr species in the testing environment. The cell potential doubled ͑from 0.23 to 0.42 V͒ within 5 days before eventually stabilizing. Nyquist plot on the anode of REF#1 in Fig. 8 shows that the impedance of the anode increased by 0.76 ⍀ during its operation. The significant degradation observed in this experiment suggests that there exists at least one other mechanism that contributes to the degradation even in the absence of Cr poisoning in this particular experiment. Figure 9 suggests that there was no significant difference in the chemical compositions and microstructure of the LSC contact layer of the heattreated cells without electrochemistry ͑REF#2͒ and the cells that were operated under a constant current density ͑REF#1͒. The A-site to B-site cation ratio for the contact layer of REF#1 and REF#2 varied from 5.71 to 6.71. Even though the contact layer composition for REF#1 and REF#2 was uniform, it was A-site enriched. However, for CER#2, the dissociation of LSC across its cross section was drastically nonuniform, with A-site to B-site cation ratio for CER#2 varying from 0.65 to 16.65. Thus, cation segregation in CER#2 was far more severe than in REF#1 and REF#2. Furthermore, as evident in Fig. 10 , REF#1 has considerable Sr and Co content on the LSC cross-sectional surface, while the cross section of CER#2 was depleted in Sr and Co cations even though both the REF#1 constant current density and the CER#2 initial current density were the same ͑0.4 A/cm 2 ͒. Hence, electronic or ionic current alone cannot be the dominating factor in the long-range migration of Sr and Co in CER#2 from the long-term stack tests. The presence of Cr ͑in the stainless steel interconnect͒ in the vicinity of the LSC layer and the corresponding thermodynamic driving forces must be a major cause for the long-range transport of cations to the top of the LSC layer and the consequent nonuniform dissociation of the LSC perovskite phase. Thus, we suggest that the formation of the poorly conducting secondary phases is due to the LSC dissociation driven by the La-Cr-O related thermodynamics under the electrolytic potential and atmosphere at the anode. This result is consistent with the observations of Jiang et al. and Quadakkers et al. 17 that the oxygen electrode ͑or the contact layer here͒ could dissociate into secondary phases driven by Cr-related thermodynamics, and Cr-poisoning is not solely an electrochemically driven process. Such dissociation of the LSC contact layer into less conducting phases is the dominant cause for the degradation of the anode performance for the SOECs investigated here.
Based on the results from the Raman spectroscopy, AES, TEM, and electrochemical measurements in this research, we suggest the following mechanism as a likely path for the Cr-related degradation of the LSC contact layer. The process can be initiated by the volatilization of Cr to Cr +6 -containing species, CrO 3 or CrO 2 ͑OH͒, at the interconnect, a process already suggested for SOFCs. 13 A set of reactions between the CrO 3 or CrO 2 ͑OH͒ species and the LSC surface phase/species, serving as nucleation agents, initiates the formation of secondary phases with low conductivity. The La-O and Sr-O segregates at the surface of LSC grains are the likely nucleation agents in the latter theory. In this investigation, a clear enrichment in La and Sr on the surface of both the as-prepared and the tested reference half-cell LSC layer grains were found by AES. Consistent with Zhen et al. 18 and Chen et al.'s 19 theory, we hypothesize that this surface segregation of A-site species enhances the Cr deposition. Thus, the La-enriched La-O phase on the surface of LSC grains likely reacts with the CrO 3 species, leading to the formation of the LaCrO 3 or La 2 CrO 6 phases observed in the Raman spectroscopy and STEM/EDX studies here. The proposed scheme governing the aforementioned reaction is shown in Eq. 1, following the notation used by Zhen et al. 18 While a possible reaction scheme is depicted in Fig. 12 , the exact mechanism by which Cr drives such long-range transport of cations leading to La-Cr phase formations and the relation of this process to the electrochemical potential and gas pressure conditions in SOEC anode should be further quantified in terms of the thermodynamics involved in these reactions where N is the nucleation agent, here, a La-containing species, e.g., La 2 O 3 .
Conclusions
The degradation mechanism of LSC as the contact layer of SOEC anodes, particularly in the context of Cr poisoning, was investigated here. The key observations obtained in this work are the following:
1. Raman spectroscopy at the LSC/interconnect interface showed that the LSC contact layer had at least partially dissociated, and the poorly conducting secondary phases of Co 3 O 4 , Cr 2 O 3 , LaCrO 3 , and La 2 CrO 6 were formed. These observations indicated that Cr transported from the stainless steel interconnects into the LSC layer, leading to electronic de-activation of the contact-layer.
2. AES results showed that the as-prepared surface chemistry of LSC showed a spatially uniform A-site ͑La and Sr͒ enrichment. In the tested SOEC stack cells, an average of 7% Cr on the crosssectional surface of the LSC layer was found. The La/Co ratio showed a severe and nonuniform dissociation of the contact layer. Long-range transport of the Sr and Co cations to the top of the contact layer particularly prevailed with no detectable Sr remaining in the bulk of the layer. The top of the contact layer ͑LSC/ interconnect interface͒ was decorated by Co-rich crystallites, possibly Co-Cr oxides, and a Sr-rich surface layer. This process could be associated with cation segregation and phase separation under the electrolytic potential and electronic and ionic current conditions and/or the presence of Cr species driving reactions to dissociate LSC.
3. STEM analysis confirmed the dissociation of the LSC contact layer due to the formation of secondary phases separated at the nanoscale. The bulk had a larger Cr content ͑10-33%͒ than the surface of the layer grains, indicating different composition profiles for Cr reactions in the bulk and at the surface. Cr and La coexisted in phase-separated regions, identified as either LaCrO 3 or La 2 CrO 6 in the bulk of the layer. Consistent with the AES results from the surface, Sr signal was absent from the bulk, indicating the complete separation of Sr from the bulk contact layer microstructure and microchemistry.
4. EIS and AES analysis on the reference half-cells operated in controlled electrochemical environments in air showed that the cells degraded even in the absence of Cr in the system. However, the microstructure and surface composition of the LSC contact layer were stable and uniform throughout, although largely A-site enriched, with clear presence of Sr in the structure. These observations show that the LSC contact layer stayed stable under electrolytic ͑anodic͒ conditions when not subjected to Cr-containing species.
We conclude that the formation of poorly conducting secondary phases due to the dissociation of the LSC contact layer leads to the deterioration of the electronic activation of the anode and thus contributes to the significant degradation of the SOEC performance. Our results indicate that the dominant cause for the LSC dissociation is the inward transport of the Cr-containing phases from the stainless steel interconnects into the contact layer microstructure and is driven by the thermodynamics governing ͑La and Sr͒ Cr-O phases under electrolytic polarization and oxygen partial pressure conditions. The results suggest a mechanism for Cr deposition, which can nucleate between the volatile Cr-containing species ͓CrO 3 or CrO 2 ͑OH͔͒ and the La-O and Sr-O segregates on the initial LSC surface, initiating the formation of secondary phases. The exact mechanism by which Cr causes such long-range transport of Sr and Co cations and the consequent La-Cr-O phase formations and the relation of this process to the electrochemical potential and gas pressure conditions in SOEC anode should be further quantified in terms of the thermodynamics involved in these reactions. Figure 12 . ͑Color online͒ Schematic of a possible reaction mechanism between Cr species and the LSC surface phases. The surface of the LSC grains is A-site segregated in the as-prepared condition. These A-site-enriched phases on the surface react with the Cr-containing species and form La 2 CrO 6 .
